The aim of the study was to investigate the accuracy of Sleep On Cue: a novel iPhone application that uses behavioural responses to auditory stimuli to estimate sleep onset. Twelve young adults underwent polysomnography recording while simultaneously using Sleep On Cue. Participants completed as many sleep-onset trials as possible within a 2-h period following their normal bedtime. On each trial, participants were awoken by the app following behavioural sleep onset. Then, after a short break of wakefulness, commenced the next trial. There was a high degree of correspondence between polysomnography-determined sleep onset and Sleep On Cue behavioural sleep onset, r = 0.79, P < 0.001. On average, Sleep On Cue overestimated sleep-onset latency by 3.17 min (SD = 3.04). When polysomnography sleep onset was defined as the beginning of N2 sleep, the discrepancy was reduced considerably (M = 0.81, SD = 1.96). The discrepancy between polysomnography and Sleep On Cue varied between individuals, which was potentially due to variations in auditory stimulus intensity. Further research is required to determine whether modifications to the stimulus intensity and behavioural response could improve the accuracy of the app. Nonetheless, Sleep On Cue is a viable option for estimating sleep onset and may be used to administer Intensive Sleep Retraining or facilitate power naps in the home environment.
IN TROD UCTI ON
Despite polysomnography (PSG) being the gold-standard of objective sleep measurement, it is often impractical for some purposes. PSG is expensive, requiring specialised equipment and trained individuals to administer. Although ambulatory PSG can be administered in the home environment, this method is still costly and not readily available to most people. Actigraphy is a more affordable and practical method for objectively measuring sleep in the home environment. However, actigraphy has low accuracy for measuring nocturnal wakefulness and consistently underestimates sleeponset latency compared with PSG (Chae et al., 2009; Rupp and Balkin, 2011) .
There are many situations in the home environment that require the accurate measurement of sleep and wakefulness. For instance, Intensive Sleep Retraining (ISR) is a novel behavioural treatment for chronic insomnia (Harris et al., 2007) . ISR involves a series of rapid sleep onsets facilitated by sleep deprivation. Patients attempt to fall asleep and, once sleep is established, a sleep technician wakes them soon after. Following a short break, the patient attempts to fall asleep again. As sleep pressure increases across the night and the circadian sleep drive reaches its maximum, the patient falls asleep more rapidly resulting in a series of rapid sleep-onset latencies. ISR produces almost immediate benefits for people with insomnia despite being a brief treatment of only 24 h duration (Harris et al., 2007) . Currently, ISR is carried out in the sleep laboratory and cannot be administered in the home environment because of the need for a sleep technician to constantly monitor PSG and wake them at the appropriate time (Harris et al., 2007 (Harris et al., , 2012 . A simple but accurate device that could estimate sleep onset and wake the patient shortly after would make it possible to administer ISR in the home environment, and allow for the treatment to be implemented on a much larger scale than is currently possible (Harris et al., 2012; Spielman and Glovinsky, 2012) .
Accurate detection of sleep onset could also allow people to achieve the optimal power nap in the home environment. Brief naps have consistently been shown to improve daytime ª 2017 European Sleep Research Society functioning (Brooks and Lack, 2006; Takahashi and Arito, 2000; Tietzel and Lack, 2002) . Specifically, naps of a 10-min duration are optimal as they produce benefits in daytime functioning that are maintained for up to 3 h without causing immediate impairment upon waking (Brooks and Lack, 2006) . Outside of a laboratory setting, it is difficult for people to obtain precisely 10 min of sleep. At present, people may set an alarm to wake them after a pre-selected period of time; however, given the uncertainty about how long it will take to fall asleep, it is unlikely that they would receive precisely 10 min of sleep. Indeed, they may fail to get any sleep or sleep for longer than 20 min resulting in sleep inertia that is associated with temporarily reduced alertness (Tietzel and Lack, 2001 ). Subsequently, an affordable, easy to use device that estimates sleep onset and wakes users after the optimal sleep duration would allow for more effective power naps in the home or work environment.
A device that uses an active behavioural response system to detect sleep onset could provide a much-needed solution. This type of device prompts users to give an intentional behavioural response when they detect an external stimulus. Typically, auditory stimuli are administered via a speaker and participants are required to depress a switch on a small, handheld device when they hear the stimulus. The probability of giving a behavioural response to a low intensity tone stimulus in N1 sleep (M = 0.39, SD = 0.21) is much less than during wakefulness (M = 0.88, SD = 0.10), though it is noteworthy that individuals are still able to give responses despite being asleep for a considerable length of time according to PSG (Ogilvie and Wilkinson, 1988) . Typically, behavioural responses to tone stimuli cease approximately 2 min after PSG-N1 sleep onset (Connelly, 2004; Lack and Mair, 1995) . It appears that physiological and behavioural sleep onset correspond relatively well, suggesting that a failure to respond to auditory stimuli could be used to estimate the onset of PSG-defined sleep to a reasonable degree of accuracy.
Sleep On Cue (SOC) is an iPhone app that uses behavioural responses to an auditory stimulus to estimate sleep onset. SOC emits a low-intensity tone stimulus every 30 s via headphones to which the user responds by gently moving the phone. When an individual fails to respond to two consecutive tones, the app deems that the user has fallen asleep. Thus, wake is operationalised as responding to a tone stimulus and sleep is operationalised as failing to respond to the tone stimulus. The app costs approximately $30AU and is easily accessible from the Apple Store (MicroSleep, 2016) . SOC is simple to operate, meaning that lay consumers can easily use the app in their home environment without needing PSG recording or the help of experts. Specifically designed to administer ISR in the home environment (MicroSleep, 2016) , SOC represents a significantly more affordable and practical method than traditional sleep laboratory-based methods to estimate sleep onset and thus administer ISR, an effective treatment of insomnia, in the home environment.
The reliability of SOC for indicating sleep onset has not been empirically tested. For the purposes of administering ISR and facilitating power naps, it is imperative that the app reliably estimates sleep onset. Therefore, the present study aimed to assess the reliability of SOC for estimating sleeponset latency against the gold-standard method of sleep measurement, PSG. Based on previous findings, a strong positive correlation was expected between PSG-sleep-onset latency and SOC-sleep-onset latency, with an average delay between electroencephalogram (EEG)-determined sleep onset and SOC-determined sleep onset of the order of 2-3 min.
MAT ERIALS AN D METH ODS Participants
Twelve young adult university students (10 females, M = 21.67 years, SD = 1.23) were recruited for this study. Pre-experimental measures involved completing a 7-day sleep-wake diary, Insomnia Severity Index (ISI; Morin, 1993) and Pittsburgh Sleep Quality Index (PSQI; Buysse et al., 1989) . Sleep diaries indicated that participants had an average total sleep time of 7.90 h (SD = 0.75), wake after sleep onset of 18.57 min (SD = 8.10) and a high sleep efficiency of 90.75% (SD = 7.73), though slightly longer sleep-onset latencies (M = 29.67, SD = 18.68). Scores on the ISI ranged from 0 to 12, with two participants obtaining scores above 7, indicating subthreshold levels of insomnia. PSQI scores ranged from 1 to 9, with six participants obtaining scores above 5, indicating marginally poor sleep quality. The sleep questionnaires and sleep-wake diary results indicate that participants were demographically normal to mildly poor sleepers, which is typical for a university student sample (Lack, 1986; Orzech et al., 2011) .
Four participants completed the study as a component of their undergraduate degree requirements, and the remaining eight participants were reimbursed $100AUD for their involvement. Ethics approval was obtained from the Flinders University Social and Behavioural Research Ethics Committee, South Australia. All participants gave free and informed written consent.
Design
This study employed a within-groups quasi-experimental design. Participants slept overnight in the Flinders University Sleep Research Laboratory, with PSG and SOC sleep data collected simultaneously. Starting at their typical bedtime, participants underwent a series of sleep-onset trials where they fell asleep and were awoken 2 min later by SOC, allowing for sleep pressure to be maintained and ensure rapid sleep onsets in subsequent trials. These trials occurred as many times as possible within a 2-h window of opportunity, with the number of trials experienced dependent upon how quickly participants fell asleep. 
Materials

PSG
Polysomnography was recorded using Profusion PSG devices (Somt e PSG, Compumedics, Victoria, Australia). PSG setup consisted of six EEG sites (F3-M2, C3-M2, O1-M2, F4-M1, C4-M1, O2-M1), right and left electrooculogram, chin electromyogram and electrocardiogram. PSG data were scored using Profusion Compumedics software (version 3.0) and AASM PSG scoring criteria (Berry et al., 2012) . In accordance with these criteria, sleep-onset latency was defined as the time between lights out and the first epoch of any stage of sleep.
SOC
Sleep On Cue was operated using an Apple iPhone 5s model (iOS 8.0 operating system) that was strapped to participants' dominant forearm using a generic fitness armband. The lowintensity tones were emitted from earbud headphones (Skullcandy, model: S2DUHZ-335) connected to the iPhone. Tones were set to a frequency of 100 Hz with a 1-s duration. The first tone occurred 10 s after the start of a sleep-onset trial, and occurred at 30-s intervals thereafter. Participants had a 2-s window of opportunity after the onset of the tone stimulus to respond, otherwise it was registered as a missed response. The data were downloaded from the smartphone and exported into SPSS for analysis (version 22, IBM, USA). Sleep onset was defined as the start of the first tone when the participant failed to respond to two consecutive tones.
Bedrooms
Participants stayed in noise-attenuated rooms with no windows or time cues. The room was dimly lit (<50 lx) during breaks in-between sleep-onset trials and <1 lx during trials. The air-conditioned bedrooms were kept at a comfortable 22°C.
Procedure
Participants arrived at the Flinders University Sleep Research Laboratory at approximately 19:00 hours. Upon arrival, they were immediately setup for overnight PSG recording. Before bedtime, an Apple iPhone running SOC was strapped to participants' dominant forearm and earbuds were inserted. The clock times of the PSG recording and SOC were synchronised to the second before the start of the recording session.
Auditory threshold check
At their habitual bedtime (as calculated from their 7-day sleep-wake diaries), participants went to bed and began an auditory threshold check. They were required to set the intensity of the SOC tone stimuli to the lowest intensity that they could hear. Because auditory threshold rises significantly from 15 to 45 dB when asleep, the lowest intensity audible when awake was unlikely to disturb participants after sleep onset (Bonnet and Moore, 1982) . The volume of the tones likely differed between participants, as the optimal volume would depend on their hearing sensitivity and earbud placement.
Sleep-onset trials
Once the volume of the tones was set, participants began the sleep-onset trials. They were instructed to respond to the tone stimuli by gently moving their arm when they heard the tone. Once participants failed to respond to two consecutive tones, SOC determined that they had fallen asleep. SOC allowed participants to sleep for a further 2 min before emitting a high-intensity vibration to signal the end of the trial and wake them. SOC gave participants 20 min to fall asleep in each trial, after which the trial was automatically ended. Participants were instructed to get out of bed at the end of each trial and undertake quiet activities of their choice for 6 min, after which the smartphone emitted another high-intensity vibratory stimulus to signal to the participant to return to bed for the next trial. Compliance was monitored by trained staff via a webcam. Trials continued for up to 2 h after each participants' habitual bedtime, after which participants were allowed to sleep uninterrupted but continued using SOC until they fell asleep. The sleep-onset latency at the beginning of the uninterrupted sleep was also included in the following analyses.
RESULTS
Sleep-onset latencies analysis
Out of 92 sleep-onset trials across participants, there were 12 trials where participants did not fall asleep, seven trials where they fell asleep according to PSG but not according to SOC, and five trials where they fell asleep according to SOC but not PSG. The following analyses are based on 68 sleep-onset trials collected across participants where sleep onset was scored by both PSG and SOC. As predicted, a Spearman's rank-order correlation showed a strong relationship overall between PSG-and SOC-sleep-onset latency, r s (66) = 0.79, P < 0.001. Fig. 1 plots the SOC-sleep-onset latency against PSG for all sleep-onset trials across participants. As shown, SOC overestimated sleep-onset latency compared with PSG in the vast majority of sleep-onset trials.
Discrepancy scores between PSG-and SOC-sleep-onset latency were calculated to further investigate the correspondence between these measures. A discrepancy score of 0 is optimal as it indicates perfect correspondence between PSG and SOC. Positive discrepancy scores indicate that SOC overestimated sleep-onset latency, and negative discrepancy scores signal that SOC underestimated sleep-onset latency compared with PSG. As predicted, on average SOC ª 2017 European Sleep Research Society overestimated sleep-onset latency compared with PSG by 3.17 min (SD = 3.04). Table 1 shows correlations between PSG-and SOC-sleeponset latency for each participant. Only four individual correlations reached statistical significance, which is likely due to the small number of sleep onsets that each participant experienced. Nonetheless, the direction of the individual correlations is consistently positive across the large majority of participants. Table 1 also shows the mean discrepancy between PSGand SOC-sleep-onset latency for each participant. The discrepancy between PSG-and SOC-sleep-onset latency varied largely between individuals, with SOC slightly underestimating sleep-onset latency for some participants and overestimating sleep-onset latency in most of the participants. There were no observable differences in pre-experimental measures or overnight PSG data between participants who had high PSG-SOC correspondence and those who had low correspondence.
Individual trends in PSG-SOC correspondence
PSG-SOC correspondence for sustained periods of sleep
One potential reason for the large variance in correspondence between participants is differences in the transition to sleep. For some participants, the first epoch of PSG sleep (which was scored as PSG-sleep onset) occurred shortly after the start of a trial, but then they drifted between sleep and wakefulness for the remainder of the trial. However, participants continued to respond to the auditory stimulus for the duration of the trial. This occurred for the majority of participant four's trials. During and in-between periods of intermittent sleep, participant four was still able to respond to auditory stimuli, resulting in a large discrepancy between PSG-and SOC-sleep-onset latency. Fig. 2 is a sleep hypnogram that represents participant four's stages of sleep over one particular sleep-onset trial. As shown, behavioural responses to the auditory stimuli did not cease until well after initial PSG-sleep onset.
The administration of ISR in a sleep laboratory setting involves the detection of three consecutive minutes of sleep, thus ignoring occasions where the patient is frequently drifting between sleep and wakefulness to ensure that the patient is in persistent sleep before they are awoken by the sleep technician. It would therefore be desirable for SOC to ignore periods where the user drifted quickly between sleep and wakefulness in order to align with the administration of ISR in a sleep laboratory setting. In subsequent analyses, a more conservative PSG-sleeponset criteria was used to understand the correspondence between PSG and SOC for estimating sleep onset at the beginning of a sustained period of sleep. PSG-sleep onset was defined as the start of the first epoch of six consecutive epochs or 3 min of persistent sleep of any stage. Six epochs was specifically chosen because it was considered to be a sufficient amount of time for sleep to become established, after which a transition back to wakefulness would be unlikely.
The following analyses are based on 54 sleep-onset trials where persistent PSG-sleep onsets were scored using the conservative scoring criteria. A Spearman's rank-order correlation was conducted to investigate the correspondence between the conservative scoring of PSG-sleep-onset latency and SOC-sleep-onset latency. There was a strong, positive correlation between these measures, r s (52) = 0.81, P < 0.001. On average, SOC overestimated sleep-onset latency by 2.75 min (SD = 3.11) compared with PSG. This is slightly less of an overestimation than the 3.17 min calculated when using the standard AASM PSG-sleep-onset scoring criteria. As seen in Fig. 3 , using the six epochs of sleep scoring criteria removed several points where there was long SOCsleep-onset latency, but short PSG-defined sleep-onset latency. Nonetheless, there were still several occasions where SOC-sleep-onset latency was estimated much later than the predicted 2-3 min discrepancy with PSG-sleep.
PSG-SOC correspondence for N2 sleep
To better understand the point at which behavioural responses ceased relative to PSG-sleep, the correspondence between SOC and PSG N2 sleep was also investigated. The start of N2 sleep has been suggested as a more suitable PSG criterion for the start of persistent sleep (Ogilvie and Wilkinson, 1988) , so it seems appropriate to test the correspondence between PSG N2 sleep and SOC.
In the following analyses, PSG-sleep onset was defined as the start of the first epoch of N2 sleep. There were 51 sleeponset trials across participants where N2 sleep was scored. A Spearman's rank-order correlation found a strong, positive correlation between these PSG and SOC, r s (49) = 0.92, P < 0.001. On average, SOC overestimated sleep-onset latency by 0.81 min (SD = 1.96) or 48.6 s compared with PSG. This is a much greater correspondence than between PSG and SOC for the beginning of N1 sleep, or the beginning of a sustained period of sleep. As shown in Fig. 4 , there was a high degree of correspondence for all durations of sleeponset latency.
DISCUSSION
There was generally a high correspondence between SOCdetermined sleep onset and PSG-determined sleep onset. When using the standard AASM PSG scoring criteria of the first epoch of any stage of sleep, SOC overestimated sleeponset latency by 3.17 min. The mean discrepancy decreased to 2.75 min when SOC was compared with the start of sustained (3 min) PSG sleep, and decreased even further to 0.81 min when compared with PSG N2 sleep onset. This suggests that SOC is a more reliable indicator of the start of PSG-N2 sleep rather than PSG-N1 sleep onset, and further evidence of behavioural responses to auditory stimuli continuing after N1 sleep onset (Ogilvie and Wilkinson, 1988) .
Notably, compared with previous research, there was a higher mean discrepancy between SOC and PSG-N1 sleep onset than the 1.91 min found by Lack and Mair (1995) and 1.61 min found by Connelly (2004) . However, these previous studies investigated correspondence with PSG using only the sleep-onset criteria of the start of three consecutive epochs of sleep (Rechtschaffen and Kales, 1968) . It is unknown how quickly participants entered N2 sleep. The shorter discrepancies found in previous research may be due to participants entering N2 sleep (the point at which behavioural responses are very likely to cease) much more quickly than participants in this study. Thus, the mean discrepancies in previous research may be more reflective of how quickly participants fell into the deeper stages of sleep than the duration of time during which behavioural responses can still occur after PSG-sleep onset. Nonetheless, there are other potentially key differences in the characteristics of the tone stimuli used by SOC and the stimuli used by the devices tested in previous research that could also account for the greater discrepancy found in this study. The characteristics of the tone stimulus may have resulted in behavioural responses continuing for a longer duration after PSG-sleep onset than anticipated. Both devices tested in Lack and Mair (1995) and Connelly (2004) used tone stimuli of a 0.2-s duration, while SOC administered slightly longer tones of a 1-s duration. Lack and Mair (1995) found that tones of an 8-s duration produced a greater discrepancy between PSG-sleep onset and the behavioural device-sleep onset than shorter 0.2-s tones, suggesting a trend for longer tones to produce greater overestimations of sleep-onset latency. It is possible that the longer tone stimuli used by SOC may have disturbed participants enough to wake them briefly allowing them to elicit a behavioural response. If this contributed to the discrepancy between PSG-and SOCsleep onset found in this study, then shortening the duration of the tone stimulus should improve the accuracy of SOC.
Furthermore, the intensity of the tone stimulus may have also contributed to the continuation of participants' responses for a longer duration after PSG-defined sleep onset than predicted. In previous studies, objective auditory threshold checks were performed to set the volume of the tones to the lowest intensity possible for each participant to hear while awake (Connelly, 2004; Lack and Mair, 1995) ; whereas SOC required participants to self-select the volume of the tones to the lowest audible intensity. Although auditory threshold rises after PSG-defined sleep onset (Bonnet and Moore, 1982) , some participants may have unknowingly set the volume of the tone stimuli not only above their auditory threshold during wakefulness, but also above their auditory threshold during N1 sleep. For participants where the volume was set too high, the tone stimulus may have caused an arousal from sleep during which they were able to give a behavioural response. This likely explains why there was substantial variability between individuals in the degree of correspondence between SOC and PSG N1 sleep onset, considering that no observable differences were found in the preexperimental measure or overnight EEG data that could account for the variability. As such, the accuracy of SOC, and potentially the variability in accuracy amongst individuals, could be improved by making modifications to the auditory threshold check procedure to ensure that the intensity of the tone stimulus is set below users' N1 sleep thresholds.
In addition to the tone stimulus, characteristics of the behavioural response may have also contributed to the discrepancy between PSG-and SOC-determined sleep onset. SOC requires users to move their hand (or forearm if the iPhone is strapped to their wrist) when they hear the tone stimulus. This is a somewhat effortful and cumbersome motor response to exert, the production of which may have been arousing for participants and disruptive to their transition to sleep. The optimal response to reduce disruption would be a behaviour that requires minimal effort to exert, yet is still detectable by a device. A device that merely requires a finger twitch to a vibratory stimulus to estimate sleep onset is currently in development and could be a less disruptive device than SOC (Lack et al., 2017) . Research is needed to determine whether the type of behavioural response could reduce disruption and whether this affects the accuracy of such devices for estimating sleep onset.
Based on the results of this study, SOC is still a viable option for administering ISR in the home environment. Patients would receive, on average, 3 min of additional sleep after N1 sleep onset per trial when using SOC-administered ISR. This short amount of light N1 sleep is unlikely to significantly alleviate sleep pressure (Tietzel and Lack, 2002) , indicating that patients would still maintain high homeostatic sleep drive and experience rapid sleep onsets. Furthermore, SOC ignored periods where participants drifted between sleep and wakefulness. This aligns with the administration of ISR in a sleep laboratory setting, meaning that SOC-administered ISR would be similar in this respect and thus should be equally effective.
In fact, waking patients after a few minutes of sleep could be cognitively therapeutic. Previous research has shown that people are often unaware that they have fallen asleep after being awoken during N1 sleep (Ogilvie et al., 1989) . Given that SOC is likely to wake people around the start of N2 sleep, patients are more likely to perceive that they fell asleep. Although ISR targets behavioural components of insomnia, the perception of repeatedly falling asleep quickly may be beneficial for those who rarely experience this sensation. This would need to be investigated empirically.
Importantly, SOC has not been validated for people with insomnia, the presumed users of ISR. Perlis et al. (1997) hypothesised that people with insomnia experience heightened sensory processing around sleep onset. In accordance with this behavioural model of insomnia, people with insomnia may perceive the tone stimuli deeper into sleep than the normal sleepers in this study. This would result in a larger mean discrepancy between PSG-and SOC-sleep onset, meaning that patients with insomnia may receive more sleep per trial during ISR than the additional 3-min duration observed in this study. This may reduce the effectiveness of ISR by alleviating sleep pressure and reducing the number of rapid sleep onsets that the patient experiences. Before ª 2017 European Sleep Research Society SOC is used to administer ISR, the app will need to undergo further validation using an insomnia sample.
Sleep On Cue could also effectively facilitate the optimal 10-min power nap. Currently, users would experience approximately 10 min of N2 sleep before being awoken by SOC. To obtain a close approximation to 10 min of sleep after N1 sleep onset, SOC could be programmed to awaken the user 7 min after the SOC-determined time of sleep onset assuming that on average users would have already obtained approximately 3 min of PSG N1 sleep. This small modification to the app would result in users receiving the optimal nap duration on the majority of occasions. Further research could then validate SOC specifically for the purpose of facilitating the optimal power nap in a normal sleeper sample.
Although the results of this study demonstrate the validity of SOC for estimating sleep onsets over 1 night, one important consideration is the possible effect of learning on the accuracy of the app. The SOC stimulus-response is a simple paradigm that, with practice, participants may learn to produce with little conscious effort. If the response became an unconscious reflex-like behaviour to the stimulus, responses could continue into deeper stages of sleep. The discrepancy between PSG-and SOC-determined sleep onset would therefore increase once users become more practiced in using SOC. Research is therefore needed to investigate the accuracy of SOC over multiple uses to determine whether correspondence of these two measures of sleep onset is reduced by learning effects.
In summary, the use of SOC for administering ISR and facilitating power naps in the home environment is promising. Considering that experienced PSG scorers show just 68.1% agreement for scoring the first epoch of N1 sleep and 67.7% agreement for the start of N2 sleep, the agreements found between PSG and SOC for all of the tested PSG scoring criteria are adequately high (Rosenberg and Van Hout, 2013) . Furthermore, relative to other behavioural devices such as actigraphy, SOC reliably indicates N2 sleep onset according to PSG. With refinement to the duration of the tone stimulus, the auditory threshold check procedure and the behavioural response, the accuracy of the app for estimating N1 sleep onset could be improved. Any modifications would require further empirical testing. Nonetheless, SOC could be the affordable and simple solution that is needed to allow for the wide implementation of ISR and the facilitation of power naps in the home environment.
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